It has been suggested that in patients with Parkinson's disease (PD) metabolism of the MAO-B inhibitor selegiline to methamphetamine may contribute and/or exacerbate sleep problems, possibly leading to deficits of cognition. This open-label exploratory study included 30 PD patients currently being treated with selegiline (7.5 mg/day) and complaining of sleep disturbances. The aim of the study was to determine whether switching from selegiline to another MAO-B inhibitor without amphetamine-like metabolites, namely rasagiline, would improve sleep behaviour and cognitive function in PD patients. Pathologic aberrations as determined by comparison of the frequency pattern of patients to a database consisting of healthy subjects revealed an approximation of electric brain activity to normality. For verification of efficacy, a combination of questionnaires, quantitative source density EEG recording with CATEEM  and performance of two psychometric tasks (d2-test of attention and reading) during the EEG recording were done on the last day of selegiline treatment (7.5 mg/day) as well as 2 and 4 months later, during which the patients were treated with rasagiline (1 mg/day). In addition, performance of the mental tasks revealed a statistically significant (p < 0.05) increase of theta power (4.75 -6.75 Hz) indicative of improved cognitive abilities at the end of the treatment period. At the same time evaluation of the psychometric test results indicated a statistical improvement with respect to the score of the d2-test (increase from 6.54 to 7.37; p < 0.05). Serum levels of methamphetamine were measured before and after intake of selegiline or rasagiline. They were correlated to alpha2 power, which is under dopaminergic control, within the temporal lobe. From these results it is concluded that the switch from selegiline to rasagiline not only improved sleep behaviour as reported separately but also had a positive effect on electric brain activity and on cognition in these patients.
Introduction
It is well known that the majority of patients with Parkinson's disease (PD) suffer from daytime sleepiness and nocturnal sleep disturbances, even when their motor symptoms are optimally controlled [1] . Such sleep disturbances can have a negative impact on cognitive function, and patient quality of life. In PD, the underlying causes of sleep disturbances are complex, often resulting from the progression of the disease [2] and can also be a side effect of antiparkinsonian therapy [3] . The MAO-B inhibitor, selegiline, is metabolised to methamphetamine and amphetamine, both of which are known for causing long lasting increases in wakefulness. At the same time, methamphetamine has been shown to decrease subjective sleepiness during the night and increase subjective sleep latencies during a post-testing sleep period [4] . It is therefore hypothesized that switching from selegiline to another MAO-B inhibitor such as rasagiline [5] , which does not produce amphetamine like metabolites [6] , might improve sleep and cognition in Parkinson's patients. The clinical efficacy of rasagiline in PD has been established in numerous studies, both as monotherapy [7] and as adjunct to levodopa administration [8] , and a recent observational study found that switching from selegiline to rasagiline resulted in significant improvements in motor and non-motor function, as well as quality of life [9] . However less is known about its effects on sleep and cognition.
The major metabolite of rasagiline, 1-(R)-aminoindan, has been shown pre-clinically to have similar effects in comparison to its parent compound with respect to EEG patterns in the rat [10] . The aim of the present study was to examine whether therapeutic switching from selegiline to rasagiline improves sleep behaviour and thereby also improves cognitive function in Parkinson's patients (this part of the study has been published [11] ). The present publication deals with the results obtained by quantitative EEG analysis and was also performed to assess pathological electric activity compared to a reference database of several hundred healthy brains.
Material and Methods

Patients
Thirty patients (<75 years old) currently treated with selegiline (7.5 mg/day) and with a documented history of sleep disturbance complaints were included in this study. Patients with a Hoehn & Yahr score of >3, Mini Mental Score (MMSE) <24, motor fluctuations in the presence of optimized therapy or in whom rasagiline was contraindicated were excluded from the study. On day A, when patients were still taking selegiline, baseline EEG parameters were recorded, and a switch to rasagiline 1 mg/day took place at the following day. After 2 and after 4 months of taking rasagiline the same parameters were recorded again. No placebo control was performed. Effectiveness of the switch was evaluated by comparing EEG data on day B (2 months after switch) and day C (4 months after switch) to day A (baseline, last day of previous medication with selegiline). Serum levels of methamphetamine were measured on each experimental day; this design allowed control over possible non-intended intake of selegiline during the experimental phase of rasagiline treatment. This clinical study was performed under the EudraCT # 2008-002145-22.
Experimental Setup
On the first experimental day (day A), a single dose of 7.5 mg of selegiline was administered orally after baseline recordings of EEG. Patients then underwent an overnight switch to rasagiline 1 mg/day, and treatment was maintained for the next 2 months. On the second and third experimental days (days B and C), rasagiline 1 mg was administered orally after recording of the EEG and different questionnaires [11] .
EEG Recording
Patients (18 male/12 female) were sitting alone in a quiet separate room in a comfortable easy chair with the light dimmed. Baseline recording of 6 min under the condition of eyes open and 4 min with eyes closed was followed by the performance of the d2-test of attention [12] and reading an excerpt from a book by the author Ephraim Kishon. All experiments took place at the same time of the day (during the morning).
The methodology of EEG recording (CATEEM ® from MEWICON CATEEM-TEC GMBH, A4164 Schwarzenberg, Austria) was reported earlier [13] [14] . In short: the raw signals were amplified, digitalized (2048 Hz/12 bit). The automatic artefact rejection of the CATEEM ® -System, which eradicates EEG-alterations caused by eye-blinks, swallowing, respiration etc. during the recording was visually controlled and individually adjusted by the investigator. Adjustment was kept constant throughout the experimental sessions. Electrooculogram (EOG) was recorded in one channel in order to facilitate detection of those signals superposing the EEG. The amount of rejected data was determined automatically and given in percent of total recording time.
In order to obtain information located in between the physically recorded locations, signals from 82 additional virtual electrodes were calculated to provide high-resolution topographical maps using a Lagrange interpolation. (18.75 -35 .00 Hz). Colour coding of the maps is achieved by transforming the content of the power spectrum into colour pictures (i.e. 140 frequency ranges with a resolution of 0.25 Hz were coded into spectral colours from red to dark blue), followed by an additive mixture of the colours to give one map. Maps show the relative, time averaged changes of electrical brain activity of each recording period in % of the reference period during the corresponding recording of day A.
Statistics
No determination of sample size was performed for this exploratory study. Changes in d2 test scores between visits 1, 2 and 3 were analysed using ANOVA with a repeated measures design. The last observation carried forward method (LOCF) was used in case of missing d2 data. EEG data are not normally distributed, therefore, the non-parametric sign test was chosen for comparison between EEG results of the three experimental days among each other. Results from linear discriminant analysis according to Fischer were projected into space (x, y and z coordinates for the result of the first three functions) and colour (RGB mode for the result of the next three functions). To determine aberration from normality, EEG data from each individual patient (17 electrode positions × six frequency ranges giving 102 variables) were compared to a reference database consisting of 500 healthy volunteers whose EEG's were taken under identical experimental conditions [15] . After determination of the individual aberration index according to this method, all values above 1.7 (corresponding to an error probability of 50:1, which is the threshold of pathological electric activity), were summed up to give the overall aberration from normality.
Results
Age and Concomitant Medication
A total of 30 PD patients (18 male and 12 female; mean age 66.6 ± 6.5 years) currently receiving selegiline 7.5 mg/day and complaining about sleep problems were recruited. Motor fluctuations were well controlled in all patients by a variety of neurological medications as listed in Table 1 . The mean (±SD) baseline Hoehn & Yahr scorewas 2.10 ± 0.42, and the mean MMSE score was 28.83 ± 1.85. An overview on concomitant medications is given in Table 1 . This medication except for Selegiline was kept constant throughout the trial.
Overall Analysis of Regional Frequency Pattern in Comparison to Healthy Subjects
In order to get an overall impression of the electrically defined disease state all patients were compared to our database of healthy subjects obtained during earlier clinical trials. All 102-frequency parameters (17 electrode positions times 6 frequency ranges =102 parameters) of each patient were matched with our database of 500 healthy volunteers (characterized under comparable experimental conditions). Differences to these normal reference values are given as the aberration index (AI), which represents the error probability with which a single value deviates from the norm database (range 1 -4; the greater the number, the stronger the deviation). All indi- vidual deviations with an aberration index >1.7 corresponding to an error probability of 50:1 (threshold of pathological electric activity) were analysed. All single pathological deviations within one subject are summed up to give the overall abnormality which is given in Figure 1 for each patient as comparison between day A and day C (4 months after the switch). On day A, only 8 patients did not have pathological deviations, whereas by day C, 14 patients showed normal electric activity without pathological deviations. Values for the accumulated aberration indices decreased numerically over time after the switch to rasagiline (p < 0.08). Similarly, the number of brain areas (electrode positions) with an error probability of p < 0.02 also decreased. Thus, this statistical disease indicator showed a clear trend to normality 4 months after switch from selegiline to rasagiline.
Analysis of Quantitative EEG on the First Day before and after Intake of Selegiline
Absolute electric power was determined by Fast Fourier Transformation (FFT) of the EEG data for each of the 17 electrode positions. Reference values (in μV 2 ) from day A for the recording condition "eyes open" are given in Table 2 for both timings (baseline before drug administration and 2 hours later). No reliable recordings for 2 patients could be obtained at the second timing for technical reasons during the condition "eyes open". There were no statistically relevant differences between these values. These values are taken as reference values (100%) for comparison to day B and day C. For the recording condition "eyes closed" absolute electric power values are given in Table 3 . Due to technical problems, data from 3 patients are missing for the baseline. Values did not change during the 2 hours period in a statistically significant manner.
In order to gather information on the cognitive status of the patients, EEG recordings were also made during a mental challenge. Baseline values (in μV 2 ) for day A are given in Table 4 for each electrode position next to values for the recording at 2 hours later during the concomitantly performed d2 test. Values did not change statistically during the 2-hour period. A second mental challenge consisted in the performance of reading excerpts from a book for 5 minutes. This procedure was undertaken before drug administration (baseline) and 2 hours later. Again these data were taken as reference (100%) for comparison with day B and day C. Values did not change during the 2-hour period in a statistically significant manner. Table 4 . Absolute electric power values in μV 2 on day A recorded at baseline before drug administration and 2 hours later during "performance of the d2 test" condition. Colouring represents the 6 different frequency ranges from delta to beta2 waves.
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Analysis of Single EEG Variables at Day B and Day C after Administration of Rasagiline
Comparison of the first EEG recording of the experimental day before intake of rasagiline did not reveal differences between day A and day C. However, the second recording of EEG parameters, which was performed on every experimental day at 2 hours after administration of rasagiline showed quantitative changes of spectral power.
For the recording condition "eyes open" attenuation of electric power was obvious with respect to beta1 power on day B in comparison to the same condition at day A. This attenuation was highly statistically significant in comparison to the results from day A at 8 brain regions. This change was not seen on day C, where increases of delta and theta power could be recognized, which were statistically significant at some fronto-temporal electrode positions (F 3 , T 4 , T 5 and T 6 ). Results with respect to single frequency ranges and single electrode positions are depicted in Figure 2 . General increase of delta and theta power in comparison to results from day A led to more red-orange colouring.
For the recording condition "eyes closed" after administration of rasagiline in comparison to the same condition at day A nearly no changes could be observed at day B except for a local decrease of alpha2 power at C 3 and T 3 ( Figure 3) . As observed for the recording condition "eyes open" increases of delta and theta power were seen on day C for all electrode positions except for the occipital ones (statistically significant in comparison to day A for half of the brain regions). No statistically significant differences could be recognized in comparison to the recording of day A except for an increase of delta power (which was set to 100% on day A).
During performance of the d2-test no major changes were seen when day B was compared to the data recorded on day A. But on day C tremendous increases of theta power could be documented during this test, which were statistically significant at F 3 , T 4 and T 6 in comparison to data from day A (Figure 4) . In addition to the EEG recording, psychometric performance of the patients during the d2-test was evaluated. The d2 performance values on day A remained below 7 at both measuring periods (0 h and 2 h), whereas on day B and day C a statistically significant increase could be observed for both timings ( Table 5) . These values correspond well to statistically significant increases of delta and theta waves.
During performance of reading, no relevant changes were observed at day B in comparison to day A ( Figure  5) . However, on day C increases of theta power could be documented in some brain regions. At fronto-temporal regions theta power increase was seen with less than 10% error probability on day C in comparison to day A.
Discriminant Analysis
Since calculation of mean spectral power over all electrode positions can only serve for overview of changes, more detailed information can be expected from discriminant analysis. This kind of mathematical analysis is used for detection of differences of a collective of parameters. Based on 17 electrode positions and six frequency ranges a total of 102 parameters enter discriminant analysis. The results of this approach can be depicted as projection from the poly-dimensional space. Results from the first six discriminant functions are used for construction of a six-dimensional graph (for details see section of material and methods). Under each recording condition a shift from the baseline can be seen which passes the data from day B and end in distance for the data of day C Figure 6 ). This can be documented for the baseline values of all days and the values recorded 2 hours later (labelled for example as "Eo" for eyes open and "A0" for baseline and "A2" for the second later recording). Thus, with respect to all recording conditions a similar shift into the same direction is observed. The electric pattern under various recording conditions definitely has changed from day A through day B up to day C.
Plasma Level of Methamphetamine and EEG
L-amphetamine and L-methamphetamine were only detectable in plasma during visit 1 (i.e. selegiline treatment at day A). Mean value for amphetamine increased from 0.02 ± 0.04 μg/L to 0.06 μg/L whereas methamphetamine increased from 4.31 ± 7.82 μg/L to 13.79 ± 11.92 μg/L after administration of selegiline. No amphetamine or methamphetamine metabolites were detected during rasagiline treatment. Looking for a representation of metamphetamine effects in the EEG, a significant correlation between plasma level of methamphetamine and alpha2 power was detected. The result is depicted in Figure 7 .
Discussion
This study included PD patients currently receiving selegiline and suffering from sleep problems. In these patients, considerable levels of methamphetamine were detected on the last day of selegiline treatment and were successfully correlated with spectral alpha2 power, which seems to be under dopaminergic control [16] . Significant changes were observed with respect to alpha2 waves under the recording condition "eyes closed" in the temporal lobe (electrode position T 3 ). Thus, methamphetamine seems to lead to pathologically enhanced spectral alpha2 power and thereby to disturbances of dopaminergic neurotransmission. In patients showing such high levels of alpha2 spectral power a reduction was observed after 4 months treatment with rasagiline possibly indicating normalization of dopaminergic transmission. In PD, cognitive disturbances are reported to go hand-in-hand with sleep problems [17] , and preclinical studies in rodents indicate that methamphetamine causes serious neural and cognitive changes lasting for more than 3 weeks [18] . Replacement of selegiline with rasagiline, which is metabolized to aminoindan, was shown in this Figure 6 . Result of discriminant analysis based on all 102 variables (17 electrode positions times 6 frequency ranges). Projection of the result of the first to third discriminant function was coded into space (x, y and z coordinates), of result of the fourth to sixth function into colour (RGB mode). Ec = eyes closed; Eo = eyes open; d2 = concentration test d2; le = (reading). A, B, C corresponds to recording on day A, B and C, respectively. 2 corresponds to the second recording 2 hours after drug administration. Arrows are added arbitrarily to mark changes of projection from day A through day B to day C. Please note that the data set moves from day A through day B to day C over a longer distance indicating larger changes of electric activity during the course of the disease. Whereas no frequency changes were observed between the baseline recording of the EEG on the particular experimental day and the recording 2 hours after drug intake, differences in spectral content were obvious 2 and 4 months after the switch from selegiline to rasagiline with respect to the second measurement after drug intake (day A vs. day B or day C). During these recordings, fronto-temporal theta spectral power significantly increased during performance of the d2-test and during reading. This profound increase of theta power during the d2-test is of considerable interest as fronto-temporal theta power has been shown to relate to cognitive functioning [19] - [22] . Indeed, increase of fronto-temporal theta power during performance of mental work is regarded as a surrogate parameter for better cognition. Therefore, it can be concluded that switching from selegiline to rasagiline improved mental performance of these patients. This is supported by evaluation of the psychometric performance during the concentration test, which also showed significantly better performance of the patients when on rasagiline (days B and C) versus day A when patients were on selegiline. Others have recently reported that 3-months treatment with rasagiline significantly improves attention and executive functions versus placebo in 55 non-demented PD patients as assessed by a comprehensive battery of neuropsychological tests [23] . Our results are in line with those reports, and ask for further clarification in future studies using the now available methodology of concomitant psychometric testing during quantitative EEG recording.
Using a reference database of EEG's from 500 normal people for evaluation of these changes a clear trend to less pathological features was recognized. This implies a neuroprotective capability of rasagiline since all other medications were kept constant. The cause might be seen in normalization of dopaminergic functions due to lack of amphetamine metabolism. Significant preclinical evidence now supports the potential neuroprotective properties of rasagiline and its metabolite aminoindan [24] [25] . Moreover, others [26] have recently suggested a mitochondrial site of action for rasagiline. Both rasagiline and aminoindan affect numerous mitochondrial mechanisms that prevent apoptotic cell death including prevention of opening of the mitochondrial transition pore, decreased release of cytochrome C, alterations in pro-antiapoptotic genes and proteins, and the nuclear translocation of glyceraldehyde 3-phosphate dehydrogenase (GAPDH). As such, the functional neuroprotective actions of rasagiline may not be dependent on MAO-B inhibition, but rather may involve actions of the propargylamine moiety and the aminoindan metabolite on glutamatergic transmission [10] .
In summary, this quantitative EEG study indicates a number of benefits of switching from selegiline to rasagiline in patients with PD. Besides a normalization of the electric brain activity, improvement of cognitive function and resolution of sleep disturbances were documented and depressive symptomatology also seemed to improve [11] .We suggest that switching from selegiline treatment of Parkinson patients to rasagiline is indicated at least when they suffer from depression, sleep disturbance and/or cognitive deficits.
